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ABSTRACT
Since 2009, the U.S. National Science Foundation Directorate for Biological Sciences has 
funded Research Coordination Networks (RCN) aimed at collaborative efforts to improve 
participation, learning, and assessment in undergraduate biology education (UBE). RCN-
UBE projects focus on coordination and communication among scientists and educators 
who are fostering improved and innovative approaches to biology education. When fac-
ulty members collaborate with the overarching goal of advancing undergraduate biolo-
gy education, there is a need to optimize collaboration between participants in order to 
deeply integrate the knowledge across disciplinary boundaries. In this essay we propose a 
novel guiding framework for bringing colleagues together to advance knowledge and its 
integration across disciplines, the “Five ‘C’s’ of Collaboration: Commitment, Collegiality, 
Communication, Consensus, and Continuity.” This guiding framework for professional 
network practice is informed by both relevant literature and empirical evidence from com-
munity-building experience within the RCN-UBE Advancing Competencies in Experimen-
tation–Biology (ACE-Bio) Network. The framework is presented with practical examples to 
illustrate how it might be used to enhance collaboration between new and existing partici-
pants in the ACE-Bio Network as well as within other interdisciplinary networks.
Collaboration between colleagues is important for advancing many fields. Major 
research initiatives are increasingly calling on faculty members to collaborate across 
disciplines and institutions. In fact, studies confirm that effective networks have 
resulted in more scientific productivity (Baker, 2015). According to Leahey (2016), in 
a review conducted to understand the accelerating and transformative shift toward 
collaboration and to identify gaps in this literature, collaboration represents a huge 
shift in the way scientific work is conducted. However, there is a lack of consensus 
regarding explanatory models of relevant factors or mechanisms to prompt greater 
collaboration rates (Leahey, 2016). To address this gap, we explore here the commu-
nity-building features of a Research Coordination Network (RCN) aimed at improving 
participation, learning, and assessment in the context of undergraduate biology 
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education (UBE), which is a current focus of the U.S. National 
Science Foundation (NSF; Woodin et al., 2010, 2012; Vasaly 
et al., 2013; Diaz Eaton et al., 2016). A goal for this essay is to 
document how the authors, as members of the Advancing Com-
petencies in Experimentation–Biology (ACE-Bio) Network (NSF 
RCN-UBE project #1346567), brought together stakeholders 
with a framework we created to promote collaboration among 
scientists and educators to foster improvements to biology 
education. Even when instructors are in departments with 
heavy teaching loads that preclude faculty research programs, 
networks can play an important role to “help facilitate a ‘com-
munity of practice’ enabling institutions with limited resources 
to develop and refine existing practices” (National Academies 
of Sciences, Engineering, and Medicine, 2017, p. 40). In partic-
ular, we describe here specific examples of key principles for a 
productive network that includes education specialists and biol-
ogists from different biological disciplines. We also examine 
how the elements of our framework relate to two published 
reports on collaborations across disciplines focused on biology 
education. Bergman and Schooley (2003) reported on a collab-
oration between scientists of the Microscopy Society of America 
and educators at the Lawrence Hall of Science that resulted in 
an outreach program for Microscopic Explorations, a publication 
that has been popular with teachers for more than 15 years. 
Peffer and Renken (2016) reported on practical strategies 
for collaboration across discipline-based education research 
(DBER) and the learning sciences. By presenting a framework 
that aligns well with features in published reports and that is 
also based on our own practical experience and observations, 
we offer a tool that we believe can be implemented and studied 
in building other interdisciplinary networks. By helping others 
understand how they might promote the functioning of a 
network by optimizing collaboration, we aim to inspire conver-
sations about how to judge and improve the quality of such 
networks and thereby contribute to the advancement of biology 
education and biology in general.
CONTEXT AND A PROBLEM
Experimentation in biology is a prime example of an activity 
valued by all members of the biology community. Student 
understanding of experimentation (i.e., the set of competencies, 
concepts, and skills associated with the planning, design, com-
pletion, and dissemination of experiments in biology) is univer-
sally recognized as a crucial part of training for all biology 
students and has been so for nearly a century (Woodhull 1918; 
Mason, 1952; Davidson, 1957; Sirum and Humburg, 2011; 
Gormally et al., 2012; Spell et al., 2014; Dasgupta et al., 2014; 
Pelaez et al., 2015). Before participating in our network or 
attending our first meeting, 18 biology professors of the Assess-
ment of Competence in Experimental Design in Biology Network 
were surveyed. These biology instructors universally perceived a 
lack of instructional tools for teaching about experimentation in 
biology. All participants agreed that both undergraduate and 
graduate students need to know experimental research better 
and that, overall, students have insufficient knowledge about 
experimental design. Most believed that undergraduates’ knowl-
edge about experimentation in biology is insufficiently assessed. 
These results confirmed our anecdotal observation that biology 
students, especially undergraduate students, need training in 
experimentation. In addition, the majority of the participants 
agreed that it is unclear what the expected objectives are for 
students to learn about experimental design, including which 
critical experimental research concepts and skills are important 
and how they should be assessed. This highlights the impor-
tance of building a network for collaborators to define the 
expected competencies as well as assessment guidelines to bet-
ter address the problem of insufficient training of students. 
Addressing the lack of training in experimentation is one exam-
ple of the many challenges faced by science students, educators, 
research scientists, and educational institutions.
No single group is likely to produce solutions to all these 
educational challenges. One promising approach that we 
deployed in our current project was to harness the complemen-
tary expertise of DBER experts, research biologists, and other 
biology faculty who mainly self-identify as biology education 
specialists, including instructors and department administra-
tors, to collaborate in forming a network aimed at improving 
student competence with biological experimentation. Some 
collaborators are satisfied with the multidisciplinary model, 
wherein individuals each make separate contributions from the 
perspectives of their own disciplines (Baker, 2015). Others 
aspire to delve more deeply to achieve interdisciplinary knowl-
edge integration. We use the term “interdisciplinary” to mean 
that the team effort allows some individuals to integrate infor-
mation, techniques, tools, and data to achieve a new and differ-
ent understanding (Boix Mansilla and Duraisingh, 2007). In 
performing the ACE-Bio Network project, we gained under-
standing from the literature about multidisciplinary collabora-
tion and interdisciplinary knowledge integration. We also 
gathered our own observations to guide collaborative processes 
for addressing the abovementioned challenges, which, in turn, 
informed our formulation of various guiding principles for 
collaboration and the creation of a useful guiding framework. 
Our guiding principles for collaboration across disciplinary 
boundaries are summarized in Table 1 as the “Five ‘C’s’ of Col-
laboration.” In addition, Figure 1 illustrates the overlapping, 
interdependent nature of the five principles that work in con-
cert during network collaborations. In the following sections, 
we introduce each principle and use our personal experience as 
education specialists and research scientists of the ACE-Bio Net-
work to illustrate and describe how such principles are applied 
in an integrated manner in our own project and could poten-
tially inform other networks facing similar challenges. Note that 
the narratives under each principle often make reference to 
more than one principle. This is because it is not possible to 
entirely separate any one principle from the other five. How-
ever, by examining each principle in turn, we are able to relate 
each one to our own experience as well as to key features from 
reports on interdisciplinary collaborations. To promote a sound 
collaboration within a network, we propose that these five prin-
ciples should be integrated and none should be neglected.
COMMITMENT: COLLABORATIVE ENGAGEMENT AND 
COMMITMENT STEM FROM A SHARED PROBLEM THAT 
IS RECOGNIZED BY DIVERSE DISCIPLINARY EXPERTS
In this essay, we define “commitment” (Table 1 and Figure 1) as 
an intention to perform actions to bring about an outcome that 
requires investment of effort over a period of time. To focus 
network activities, members from different disciplines and with 
different goals and needs commit to confronting a shared 
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problem. In their report on strategies for collaboration across 
DBER and learning sciences, Peffer and Renken (2016) report 
on the need to identify an addressable problem and to discuss 
what they hope to accomplish together and why. The solving of 
undergraduate biology education problems might require a net-
work of colleagues working across DBER and the learning sci-
ences but may also need to include a range of suitably qualified 
biology faculty. For example, to solve a particular problem, the 
network might need to include faculty members who have an 
active research portfolio doing bench- or fieldwork in biology 
(the “research scientists”) and faculty referred to as “science 
faculty with education specialties” (SFES), who focus on 
research in science education and/or K–12 or undergraduate 
science education (the “education specialists”) (Bush et al., 
2006, 2008, 2011, 2013, 2015).
Bench and field research scientists are essential members of 
such a network, because they engage undergraduate students 
in biology research and can convey their own experiences with 
biology as a research science to the students. However, research 
scientists typically have not received training in biology educa-
tion and so they may be challenged to develop effective instruc-
tion and assessment methods on their own. In their report 
about collaborating educators and scientists in the Microscopy 
Society of America, Bergman and Schooley (2003) identified 
the need for a teacher’s manual to expand and support the use 
of microscopes as a research tool in schools. The scientists had 
observed that their independently developed educational 
guidelines for microscopy were not popular among teachers. 
Their scientific skills and knowledge, therefore, would need to 
be complemented by that of the education specialists, so they 
turned to educators at the Lawrence Hall of Science to address 
their problem.
If improving students’ experimental competence in biology 
is the goal, then networking within and between research scien-
tists and education specialists could be a productive way to 
design innovative solutions. In a university biology department, 
TABLE 1. ACE-Bio Network guiding principles for collaboration across disciplinary boundaries: the “Five ‘C’s’ of Collaboration”
Collaborative principle Principle in actiona
1. Commitment Network members are committed to reaching a shared goal. All individual and group activities are goal oriented, 
because the team has justified why the particular problem requires a team approach. Guidelines and rules are 
agreed upon for tasks that focus on achievement of the shared goal.
2. Collegiality Network members establish and maintain an environment in which participants respect one another, e.g., they 
identify the expertise and team composition needed to address the shared problem; participants contribute 
according to their specific domain or expertise; roles are established, tasks identified, and plans executed; the 
product is critiqued, not the people; participants focus on improving both the process and the product.
3. Communication Network members consider disciplinary diversity when they communicate through sharing of resources, ideas, 
difficulties, challenges, mistakes, failures, and feedback with others. As participants share personal ideas from 
their own experience, everyone listens carefully and asks for clarification; by delving deeply, the common areas 
and differences are recognized to achieve deeper levels of disciplinary integration. All participants have an 
opportunity to contribute ideas, but are encouraged to avoid jargon, select inclusive language, and carefully 
define terms to address language barriers to knowledge integration.
4. Consensus Network members actively incorporate other ideas into their own work and are committed to collective and ethical 
decision making and reaching consensus on the roles, tasks, and processes for addressing the shared problem. 
Organizational trust is established by having participants consider the ethics of any action taken by community 
members and the impact from ethical performance—how collective actions will affect the well-being of others. 
Decisions and tasks are set in accordance with benefits to the career trajectory of each participant.
5. Continuity Network members contribute to a shared resource collection. Leaders foster processes necessary for interdisciplinary 
work and ways for network members to learn from the experiences of others by supporting those who cite work 
done by others but also by fostering leader–member exchanges and face-to-face or virtual team interactions and 
outreach. Alignment of individual and team contributions is continuously evaluated with respect to the 
network’s shared goal.
aThese descriptions of each collaborative principle were compiled by the authors.
FIGURE 1. The “Five ‘C’s’ of Collaboration for Research Coordina-
tion across Disciplinary Boundaries.” This formulation of guiding 
principles for the ACE-Bio Network provided a useful framework 
for bringing together bench and field research scientists and 
education experts to focus on what students need to learn about 
biology experiments. Our framework is illustrated with a diagram 
showing overlap of five interdependent principles that we consider 
key to productive collaboration within our network and, therefore, 
that could potentially inform other networks. Although it was 
useful to identify and characterize each element, they were not 
independent but were used in concert during network activities, 
which are at the center of the figure.
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individual faculty members might identify themselves some-
where along the range from research scientist to education spe-
cialist. This decision may be influenced by whether they are 
SFES who are still doing lab or field research or whether they 
are scientists with active research portfolios who are still con-
sidering their main focus to be on biology instruction. However, 
because not every college and university biology department 
has both education specialists and research scientists, a net-
work across multiple sites is needed to synergistically unify peo-
ple with the different types of expertise required to develop and 
disseminate the resources and assessments deemed necessary 
for addressing instructional problems shared by particular 
biologists.
Research Scientists Define a Shared Problem They 
Commit to Addressing
Many bench and field research scientists are tasked with train-
ing new researchers. Based on their experience, scientists have 
ideas about what constitutes competent experimentation, and 
those ideas are the starting point for actually identifying the 
elements of competence. Scientists in the ACE-Bio Network 
recognize that biology students are arriving unprepared or 
underprepared for thinking and working with the required 
concepts and skills of biological investigation. Recognizing this 
drives interest in new tools for teaching more effectively. 
However, there are physical and cultural boundaries that distin-
guish life science subdisciplines like ecology and cell biology. 
The diversity of research approaches could lead to a morass of 
specifics that are not necessarily generalizable. Furthermore, 
according to a National Academies report, the search for 
common features may generate concern about loss of their own 
disciplinary “identity,” which is so “closely linked with the 
materials, techniques, instruments, and enabling theories of 
their research groups or laboratories” (Cooke and Hilton, 2015, 
p. 31).
Faculty Who Are Education Specialists Commit to 
Collaborating with Research Scientists to Address the 
Shared Problem
For biologists who are education specialists not engaged with 
bench or field research, it can be difficult to develop meaning-
ful experiences for undergraduate students learning biology 
when the discipline is advancing so quickly. Science depart-
ments have struggled historically to develop courses that 
keep pace with changing technology and scientific advances 
(Del Giorno, 1969; American Association for the Advance-
ment of Science [AAAS], 2011). Although disciplinary pace 
could be viewed as a barrier to creating meaningful educa-
tional experiences, others might argue it creates more affor-
dances. In fact, the increased pace has diversified science 
research, so a broad array of options exist for engaging stu-
dents in biology.
To maintain and grow a network of people from different 
life science subdisciplines who are geographically dispersed 
and have varied professional interests and constraints requires 
a single unifying goal to maintain member interest and com-
mitment. Involving members as leaders in the ACE-Bio 
Network has helped to promote commitment and personal 
investment as well as some sense of distributed leadership. 
For example, various education specialists and scientists 
worked collaboratively with deep commitment in organizing 
and editing a list of basic competencies of biological experi-
mentation after the first ACE-Bio Network meeting, and some 
also worked on follow-up surveys and consulted with other 
biology faculty members to help refine the document (Pelaez 
et al., 2017). Most who participated in the follow-up activities 
continued to attend future meetings and stayed involved. 
Those who did not do the work in between meetings may not 
have been as deeply committed, or if they did not volunteer 
for a work assignment, they may have slipped away uninten-
tionally. Thus, an easy takeaway message is to give people 
concrete things to do that can inspire commitment to a task. 
Furthermore, we found that people were so motivated at con-
ferences and meetings that they were tempted to take on more 
than can realistically be done. For this reason, the needs of the 
network were outlined and firm dates were set for completion 
of tasks to dampen that overenthusiasm, so that people might 
make informed decisions about their commitments. Partici-
pants appreciate knowing what is expected, when it is due, 
and in what format. But distributing the work also brings the 
challenge of maintaining a commitment to the focus of the 
network.
When bringing together experts with differing disciplinary 
perspectives on the shared problem, it is important to foster 
communication to come to a shared commitment to addressing 
the problem. Creative people do tangential thinking, so they 
naturally bring up topics beyond the intended focus. Tangential 
thinking introduces the risk of leading the project astray. To 
allow for creativity, we found it useful to define goals for each 
meeting, with facilitators assigned to lead people to focus on 
their commitment to a shared problem. One example relates to 
a meeting goal to examine the influence of context as students 
learn about experimentation in biology. Participants examined 
several contrasting cases: a biochemistry professor has students 
meet with a pancreatic cancer patient before the students inves-
tigate polyphenol molecules from the pomegranate to find out 
whether pomegranate promotes pancreatic cancer patient sur-
vival by inhibiting cancer cell invasion. Another professor takes 
groups of students at a 2-year college to Arabia Mountain in 
Georgia to explore microbial diversity by DNA isolation and 
sequencing to learn about research in the area of molecular 
biology (Jacob, 2012). The impact on student motivation with 
these compelling societal contexts at times derailed discussion 
away from the central problem, which was to focus on assessing 
how well these students were learning about experimentation. 
A facilitator reminded people to focus on evidence of learning 
about experimentation to bring commitment back to the deeper 
focus issue. By bringing people back on task, the facilitator 
helped participants in the ACE-Bio Network work to under-
stand the conditions and contexts in which students struggle 
and succeed with various aspects of experimentation across the 
biology subdisciplines.
In summary, through applying the principle of commit-
ment to collaborations within our ACE-Bio Network, we are 
establishing relationships that involve mutual dedication and 
the commitment to collaboratively address a shared problem 
that cannot be solved except by combining multiple perspec-
tives. In our view, this is a principle that could be usefully 
applied to collaboratively addressing other challenges within 
other networks.
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COLLEGIALITY: PRACTICALITIES OF FORGING 
INCLUSIVE RELATIONSHIPS
Collegiality (Table 1 and Figure 1) is more than a relationship 
between colleagues. Collegiality unites individuals who trust 
and respect one another and work toward a common purpose. 
Collegiality relies on independence of thought, mutual respect, 
and people who treat one another equally and fairly to build 
inclusive relationships. For a successful collaboration, network 
members must establish and maintain a sense of collegiality so 
that they get to know, respect, and trust one another enough to 
work well together in sharing knowledge and ideas (Table 1). 
The multiple disciplines that engage with biology education at 
an institution where subdisciplines may be fractionated may 
find biological experimentation to be a good rallying point to 
bring different factions together in a collegial and fruitful inter-
action. In agreement with Cheruvelil et al. (2014), we found 
that having more than a single individual from a discipline 
ensures a “critical mass” for effective flow of ideas, because 
even within a discipline, individual team members have differ-
ent points of view. However, people tend to associate with like-
minded colleagues, so there is a need to continually, carefully, 
and strategically balance disciplines so that no stakeholder is 
missing. Collegiality also requires sensitivity and respect for cul-
tural, racial, and gender differences, as reported by Cheruvelil 
et al. (2014), who also note the philosophical differences related 
to different ways investigators operate, including differences in 
research methodologies and in the amount and kinds of evi-
dence deemed sufficient to generate new knowledge. Thus, 
each group of stakeholders may have unique perspectives, 
tools, and approaches to address the shared goal and different 
visions of how success in this area might look.
The collaboration reported by Bergman and Schooley 
(2003) was successful because the scientist and educator part-
ners were ready to listen to and learn from one another in a 
collegial relationship. Likewise, in their report on practical 
strategies for collaboration across DBER and the learning sci-
ences, Peffer and Renken (2016) emphasize the need to form 
collegial relationships by seeking to understand through dia-
logue the areas of overlap and convergence as well as import-
ant distinctions between the disciplines. Now in its third year, 
the ACE-Bio Network has directly addressed these challenges 
using the same collegial approach with the following strategies 
for integrating input from more than 40 educators and research-
ers in biology and biology education.
Gather a Range of Experts to Tackle the Problem with a 
Collegial Process
The approach taken by the ACE-Bio Network was informed 
by the adult learning and faculty development literature 
(Wlodkowski, 1999; Anderson and Rogan, 2011; Rogan and 
Anderson, 2011; Anderson et al., 2011; Felder et al., 2011; 
D’Avanzo et al., 2012). Invitations were purposefully extended 
to recruit a range of biology and biology education instructors 
and researchers, faculty development specialists, and academ-
ics from different types of institutions and at different career 
stages. Being explicit about the membership of the network, 
that each member has expertise and something to contribute 
that is not identical to what others bring and that each perspec-
tive is equally important, helps promote collegiality. This was 
not just implied, but was an explicit goal for group work. Being 
transparent about why different stakeholders are present and 
valued in the network helps create collegiality. Such sampling 
of different stakeholders interacting in a collegial and fruitful 
manner has provided a rich range of perspectives in the 
project.
In creating a collaboration with the right team composition, 
strategies include providing choices and structuring group-
work opportunities to actively engage all participants, includ-
ing leaders, presenters, and facilitators with a range of exper-
tise in both science and education, considering the scope of 
feasibility, targeting activities to identified relevant needs, rec-
ognizing faculty members’ efforts, and factoring in both action 
and reflection.
Indeed, many of the initial ACE-Bio Network activities high-
lighted important differences in perspectives that arise from 
different stakeholder groups. In a small group with network 
members outside their own discipline, participants were tasked 
with explaining key publications and resources that represent 
valuable examples of work they identify as important within 
their own subdisciplines. These contributions were summarized 
and shared at an ACE-Bio Network founders meeting, which led 
to broader discussions about the scope of the network and pro-
cesses through which cooperation and collegiality from the 
broader community would be encouraged and managed. This 
step was key in establishing the guiding principles for collabo-
ration across disciplinary boundaries summarized in Table 1, in 
which we outline expectations and responsibilities of all mem-
bers with regard to work, management of the network, and 
credit for the products.
Collegial Inclusion Is Grounded in Flexibility and Methods 
of Collaboration
An important structural aspect of the ACE-Bio Network is the 
support for flexibility with regard to participation. For instance, 
to address distance as a potential obstacle to a successful col-
laboration, ACE-Bio Network meetings were held in different 
regions (Indiana, New York, California, and North Carolina). 
Participants who traveled a distance for one meeting got to 
attend another one close to home and to help recruit addi-
tional participants from their own regions as well as from types 
of institutions that are not so different from their own. Because 
the academic calendar varies among institutions, face-to-face 
meetings have also been scheduled at different times of the 
year.
To illustrate with an example of methods that inspired 
curiosity about the challenges and affordances faced by others, 
consider again the contrasting cases of the biochemistry pro-
fessor in California teaching about pancreatic cancer research 
versus the professor working with students doing experimenta-
tion at a 2-year college by investigating microbial diversity on 
Arabia Mountain in Georgia. The distance between their biol-
ogy disciplines, the distance between their different types of 
institutions, and even geographic distance could have been 
obstacles to collegiality. However, with a shared focus on bio-
logical experimentation, project members demonstrated curi-
osity and independence of thought plus mutual respect and 
flexibility in considering how to find out whether students in 
each context showed understanding of experimental research 
(or not). With meetings focused on brainstorming, group prob-
lem solving, and network-planning activities designed to result 
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in a product, the limited face-to-face time becomes productive 
in terms of products that will generalize in spite of the separa-
tion distances.
Like other network projects, the ACE-Bio Network also relies 
on asynchronous contributions by deploying technology that 
allows for broader participation through virtual collaboration. 
Online tools to connect members and accomplish group work 
include the following: 1) Dropbox to share literature, syllabi, 
examples of assessment tools, and reflections; 2) Google Docs 
to draft and refine collaborative work such as statements of 
competencies; 3) Mendeley to share and store relevant litera-
ture; and 4) Qualtrics for construction of surveys to gather data, 
ideas, and feedback from participants. In addition to the use of 
online tools to support professional collaboration, we also put 
the ACE-Bio Network on ResearchGate.net as a project with 
monthly updates so that educators in related fields can recog-
nize and contribute to collegial aspects of our project and ben-
efit from the experience of others.
Collegiality Recognizes and Values the Diversity 
of Professional Identities
In spite of the care taken in designing the ACE-Bio Network, 
several challenges associated with the diversity of perspectives 
of its members had to be addressed to optimize the collegial 
interaction between members. First, the interdisciplinary nature 
of the ACE-Bio Network was made explicit when founding 
members were asked to characterize their professional activities 
by indicating the percentage of the time over the past 20 years 
that they have been acting as a scientist versus as an education 
specialist. These data were intended to help participants recog-
nize their specific areas of competence while identifying their 
own limitations in areas where other network participants may 
have more expertise. Although planned as a simple task, the 
difficulty of separating biology research from biology education 
research and characterizing activities in one category or the 
other quickly became apparent, particularly when taking into 
account professional efforts over the past two decades. Several 
group members felt the distinction between scientist and edu-
cation specialist was artificial and difficult to quantify, while 
others felt it accurately described the division between their 
professional activities. The group discussed the changing face of 
scientific research and divergent paths taken by various biology 
disciplines as potential factors to include when considering the 
expertise needed for the ACE-Bio Network. The discussion 
around this activity reinforced the importance of developing 
agreed-upon norms to maintain the integrity of the network. 
These are listed under the Consensus heading below and sum-
marized in Table 1. As part of the work of the ACE-Bio Network, 
the diversity of identities and network members’ reactions will 
continue to be explored, as detailed in the next section, 
Communication.
In summary, we have identified the principle of collegiality 
as a key factor in ensuring the success of our collaborative net-
work. We recommend that other networks consider a similar 
approach by being open about differences and distances that 
need to be bridged; being explicit about why different stake-
holders are present and valued; taking a flexible approach to 
setting meeting places, times, and formats; and using group 
methods of collaboration that expose the areas of overlap for 
convergence toward products aligned with project goals.
COMMUNICATION: USE LANGUAGE CAREFULLY TO 
GIVE EVERYONE A SENSE OF BELONGING
Communication can be defined as the process of meaningful 
interaction among individuals (Table 1 and Figure 1). Commu-
nication involves articulation of a message, transmission of 
information, and the process of interpreting meaning so as to 
produce understanding. Good information exchange involves 
feedback. Thus, when collaborating network members commu-
nicate through sharing of resources, ideas, difficulties, chal-
lenges, mistakes, failures, and feedback with others, they must 
recognize disciplinary diversity (Table 1 and Figure 1). Concerns 
about labeling of subdisciplines were apparent when several 
participants took issue when, perhaps naively, it was assumed 
they belonged to a particular subdiscipline. For instance, while 
some members might describe a participant as belonging to 
“botany” or “plant biology,” that biologist might feel his or her 
work falls more accurately under molecular biology, ecology, 
evolutionary biology, or physiology. This feedback is important, 
as labeling can potentially deter some participants from con-
tributing if they feel their contributions and the perspective of a 
group they actually represent might be mischaracterized. A way 
to avoid this problem is to make sure that each participant gets 
ample opportunity to characterize his or her own identity rather 
than having it assigned by others.
Avoid or Define Jargon
Our deep and specialized disciplinary knowledge presents many 
challenges to both scientists and education specialists that need 
to be acknowledged when we communicate across disciplinary 
boundaries. Communication is one of the “Five ‘C’s’ of Collabo-
ration” (Figure 1 and Table 1), because words must be carefully 
chosen and language must be carefully defined to avoid any con-
fusion. Several examples confirm a report by Baker (2015), who 
wrote that language is one of the problems faced by individuals 
when they collaborate with those from a different but comple-
mentary intellectual discipline. For instance, Bergman and 
Schooley (2003) reported that education jargon was an obstacle 
to their collaboration, but it was dealt with by means of a work-
shop for scientists interested in education. Peffer and Renken 
(2016) reported on discipline-specific uses of the word “theory” 
as an example of jargon that poses a barrier to collaborations 
with both DBER and learning sciences investigators.
We quickly discovered the need to avoid jargon and to care-
fully select inclusive language when a few scientists and educa-
tion specialists, steeped in their own disciplinary perspectives, 
first met to establish the NSF-funded ACE-Bio Network. Initially, 
this RCN had the name “Assessment of Competence in Experi-
mental Design in Biology.” As an early collective action, we 
elected to change the network name to the “Advancing Compe-
tencies in Experimentation–Biology Network” for the following 
reasons. The term “assessment” was problematic, because scien-
tists, who are dedicated educators actively involved with intro-
ducing discovery and experimentation to students, reported not 
wanting to spend much time on an “assessment” project, as their 
efforts to develop assessments might not be valued by colleagues 
in their department. Whereas education specialists are expected 
by their colleagues to align assessment with curriculum and 
instruction anytime they think about instructional objectives, 
the goal for scientists is to share what is most exciting about 
research. Both groups want to know that their students are 
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becoming more competent, so they fit together into the network-
ing process when they consider what students should know from 
their own disciplinary perspectives. Scientists are valuable col-
laborators who can detail what a competent scientist does and 
how that differs from what students do when they are not yet 
competent to contribute to meaningful discovery. To communi-
cate this value, the term “assessment” was dropped in favor of 
“advancing” experimentation in biology, something all network 
members see themselves doing.
Define and Use Inclusive Terms
Derogatory views associated with language provide another 
example of the need to carefully select and define terms. For 
example, Peffer and Renken (2016) provide a detailed discus-
sion of underlying tension due to arrogance and a history of 
differences between the “hard” and “soft” sciences as a barrier to 
interdisciplinary integration. We encountered a similar problem 
in discussions about experiments, which we defined as a scien-
tific procedure to make a discovery or test a hypothesis to sup-
port inferences about cause and effect. However, some biology 
disciplines reserve the term “experiment” for the case when an 
investigator manipulates the system of study. Others consider 
that an experiment might be a comparative study, such as an 
experimental research study that involves comparing similar sys-
tems in two different spaces or at two different times. According 
to Gotelli and Ellison (2004), instead of “nonexperimental” 
research, a better distinction is “manipulative experiment” ver-
sus “observational study.” In fact, to avoid a derogatory connota-
tion, the terms “mensurative” and “manipulative” experiments 
were introduced and defined to clarify different types of system-
atic work done across a range of scientific investigations.
In summary, we have found that words have different mean-
ings in different areas. To open communication lines early in the 
process, words must be selected carefully and jargon clearly 
defined. Good communication and inclusivity of language helped 
us open doors to interdisciplinary knowledge integration.
CONSENSUS: PROTECT THE COLLABORATIVE AND 
EQUITABLE DECISION-MAKING PROCESS NEEDED FOR 
INTERDISCIPLINARY KNOWLEDGE INTEGRATION
Consensus has two meanings of relevance. One meaning refers 
to agreement among network members who retain autonomy. 
The other meaning refers to the practice of getting such agree-
ments. Within a successful collaboration, network members are 
committed to collective decision making and reaching consen-
sus (Figure 1) on the roles, tasks, and processes for addressing 
the shared problem. For the purposes of this paper, by “consen-
sus” we mean that there has been serious consideration of every 
member’s opinion and a decision has been made jointly, even if 
the decision is to accept divergent rather than convergent 
perspectives (Table 1).
Recognize Areas of Divergence to Achieve Consensus
Collective decision making across the separation between biol-
ogy research and biology education or teaching practice must 
take into account the practical difficulties in creating a common 
language and the different professional motivations and efforts 
mentioned earlier. The participants must recognize that prog-
ress comes from curiosity and true desire for understanding 
without denying the knowledge and rationality of the other 
discipline (see Table 1, “Consensus”). Peffer and Renken (2016) 
refer to this as making “a concerted effort to understand the 
disciplinary practices of their collaborators without sacrificing 
their own perspectives” (p. 8).
Many skills and specifics of training differ across biological 
subdisciplines and from other science disciplines, making it dif-
ficult to synthesize ideas to reach consensus about where to 
focus training for future scientists. Given the range of different 
disciplines that are carefully and strategically balanced so that 
no stakeholder is missing, there is a need to negotiate areas of 
divergence and to facilitate fair and just knowledge integration. 
For this reason, the ACE-Bio Network leadership team worked 
with participants to explicitly outline ethical actions.
Address Ethical Issues
In line with the overlapping nature of Figure 1, we see sound 
ethical practice as key to the engagement of all of the “Five ‘C’s’ 
of Collaboration.” That said, we raise ethical issues under the 
consensus principle, because, in our personal experience, ethi-
cal issues must clearly be addressed when disciplinary diversity 
becomes apparent in discussions about areas of consensus and 
divergence. To mitigate ethical dilemmas, group norms or rules 
of engagement were agreed upon by ACE-Bio Network found-
ing members to promote collaboration and consensus. Accord-
ing to a review of the literature on collaboration in the sciences, 
problems with research integrity are among the ethical issues 
for collaborators to address (Leahey, 2016). Youtie and Boze-
man (2014), with a Web-based survey, identified problems 
related to coauthorship credit to be a major problem. For 
instance, a contributor who does not receive appropriate credit 
may feel exploited, or if someone is included as a coauthor 
without having made a meaningful contribution, research 
integrity is threatened. Furthermore, there are cultural differ-
ences between fields in authorship norms (putting the senior 
author first or last) or publication norms (conference proceed-
ings hold as much weight as journal articles in some fields). The 
ACE-Bio Network members reached consensus on the following 
group norms for ethical decision making as a prerequisite to any 
action (Anderson, 2005; Hanson, 2014):
1. Be transparent: Be open and describe what is being done so 
that everyone can see—no hidden agendas.
2. Share decision-making: Find common ground to develop 
short- and long-term goals and agree on how to document 
the decision-making processes.
3. Critique the product and not the person: Because all want to 
find the best outcome, do not take things personally, but 
share and improve the product.
4. Mutual respect and inclusivity: Be interested in learning 
from each other and with each other, because when every-
one contributes ideas and opinions, each has opportunities 
to understand a range of voices and can recognize his or her 
own limitations and gain knowledge from others.
5. Authorship: Give credit and decide up front on authorship 
and contributions.
6. Professional integrity: Without judgment, be curious and 
share mistakes, failures, difficulties, and challenges to 
improve through self-evaluation.
In summary, the ACE-Bio Network established norms to pro-
tect multiple stakeholders, to make decisions and set tasks to 
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advance the career trajectory of each participant, and before 
taking an action, to ask if the action is within one’s area of com-
petence or if it violates previously agreed-upon rules or codes of 
ethical practice. Consensus, whether convergent or divergent, 
proved to be key to the success of our network, and we recom-
mend other networks consider focusing on this principle to 
enhance collaboration.
CONTINUITY: ESTABLISH MECHANISMS FOR ONGOING 
LEARNING FROM THE EXPERIENCES OF OTHERS
For the purposes of this essay, “continuity” is defined as the 
qualities that do not stop or change as time passes, such as the 
iterative refinement and unbroken operation of strategies for 
collaborative work informed by past experiences. An important 
lesson learned while developing the ACE-Bio Network is that 
success will ultimately depend on continuity—the ongoing 
active participation by stakeholders connecting biology research 
disciplines with biology education. In our experience, meetings, 
publications, useful education resources, and infrastructure for 
online sharing can all support continuity of the network. The 
persistent participation of members from a broad range of 
subdisciplines and backgrounds is key to ensure that the compe-
tencies, assessments, and instructional approaches developed 
by the network are continually validated for use at many differ-
ent biology institutions, including for the needs of stakeholders 
in the broader biology education and research community. 
Toward this goal, mechanisms must be put in place to ensure 
both continuity and the monitoring and evaluation of the 
progress of the ACE-Bio Network.
We have worked to hold annual face-to-face meetings that 
bring in new people, allow more senior members to mentor and 
share their experience, and provide a venue for new network 
members to contribute and share relevant ideas and resources 
so that no stakeholder is left out. An important challenge, 
though, is to confirm that new participants are committed to 
addressing the shared problem and that they also understand 
why the particular problem requires an ongoing team approach. 
As long as the targeted problem persists, success also depends 
on maintaining the disciplinary mix needed to establish appro-
priate roles for research scientists, educators, and faculty devel-
opment specialists, who continue to work together with the 
team composition needed to address the shared problem. 
The diversity of those who value or contribute to the work of 
the network adds new utility to the work. To avoid jargon, com-
munication with new members at a meeting can be facilitated 
by more senior mentors who listen carefully and ask for clarifi-
cation at every step of activities designed for sharing resources, 
ideas, difficulties, challenges, mistakes, failures, and feedback. 
Furthermore, when new members arrive, their voices must be 
included in collective and ethical decision making and reaching 
consensus on how collective actions will affect the well-being of 
others, as well as in setting tasks in accordance with benefits to 
the career trajectory of each new participant. Thus, the first 
four principles (Figure 1 and Table 1) are integral to the fifth 
principle of continuity of a research coordination network that 
is focused on addressing the shared problem.
A common way to measure successful continuity of a 
research coordination network is by monitoring research 
productivity of members over time and to what extent their 
publications reflect interdisciplinary impact. All this can be 
monitored through measuring the network’s scientific output 
with citation analysis of publications. The number of times 
other authors mention the work of a publication or author, 
reflected in the h-index (Hirsch, 2005), is one such measure of 
impact, but this may not be the best approach. More multi-
ple-author publications (compared with single-author papers) 
were reported by Baker (2015) to be evidence of research pro-
ductivity of interdisciplinary science collaborations. However, 
for collaborating learning sciences and DBER faculty, Peffer and 
Renken (2016) noted that the DBER faculty might not normally 
read journals in which learning sciences faculty report their 
findings and vice versa. Therefore, the first problem identified 
is that no single citation-analysis tool collects all publications 
and their cited references for work that involves investigators 
from these different disciplines. Second, publication impact 
measures may not be sufficient to quantify the impact from 
improvements in undergraduate biology education resources, 
because citation analysis is a poor measure of classroom use of 
an educational product; innovative and valuable instructional 
activities or assessments may be broadly used without being 
highly cited. For example, the publication about a partnership 
described by Bergman and Schooley (2003) was cited only 
once, even though the project resulted in Microscopic Explora-
tions, an educational resource that has been widely used by 
educators for more than 15 years. Third, published opinions 
about controversial educational issues or ideas may garner a 
disproportionate occurrence of citations when they are subse-
quently refuted or confirmed with research evidence. Finally, 
the RCN-UBE program provides funds to establish an RCN but 
not for doing the research that would lead to publication out-
puts from network members. Thus, citation analysis may not 
reflect work focused on fine-tuning the quality of network 
activities. Clearly, alternative indicators of continuity and col-
laboration are needed to complement publication and citation 
analysis for evaluating any RCN-UBE project.
Online tools and technology were mentioned previously 
as holding promise to bridge the gap between the scientists 
doing cutting-edge research and biology education specialists 
who are focused on advancing undergraduate education. Visual 
methods are also emerging as a popular research approach. 
These and other collaborative methods remain to be explored. 
For instance, we do not yet know whether or not our use of 
ResearchGate.net as a home for the ACE-Bio Network can 
disrupt a tendency to underestimate the value gained when 
biology educators learn from the experience of others at the 
cutting edge. From our experiences with the ACE-Bio Network, 
continuity as we described it has been a key principle in ensur-
ing good collaboration, and therefore success of our network, 
which suggests that that this principle could be investigated as 
a factor to advance other networks.
SUMMARY AND IMPLICATIONS
In this essay, we proposed a community-building framework we 
created to enhance collaboration within our RCN-UBE ACE-Bio 
Network that focuses on advancing undergraduate biology stu-
dents’ competence in experimentation. More specifically we 
proposed the “Five ‘C’s’ of Collaboration” as guiding principles 
for knowledge integration: commitment, collegiality, communi-
cation, consensus, and continuity, and illustrated each principle 
with examples from the ACE-Bio Network. We also compared 
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our framework with features identified in published reports 
about effective interdisciplinary collaborations focused on biol-
ogy education (Bergman and Schooley, 2003; Peffer and Ren-
ken, 2016). Abundant research reports on collaborations like 
these have been published, but according to a review of the lit-
erature by Leahey (2016), few explanatory models of relevant 
factors exist to prompt greater rates of collaboration. Thus, we 
propose a novel framework used by the ACE-Bio Network to 
advance student competencies in experimentation (as described 
here) may also be worthy of testing by others who are facing the 
challenges and need solutions to promote interdisciplinary col-
laboration. Any meaningful transformation of biology educa-
tion must include input from all relevant stakeholders, who will 
share many of the same challenges that our network is facing 
and addressing. The lessons we learned from the ACE-Bio RCN 
may prove helpful for other network partnerships that wish to 
address broad educational challenges in biology. In fact, the 
“Five ‘C’s’ of Collaboration” might be viewed as a framework 
that provides areas of focus for evaluating progress and effec-
tiveness of other networks and their engagement across stake-
holder groups. The principles could be tested with a range of 
project evaluation questions like, for example, the following 
discussion questions:
Commitment: Do project members agree on what the project 
hopes to accomplish and why?
Collegiality: Do network members operate from a position of 
mutual respect and does the expertise and team composition 
include investigators who contribute according to their spe-
cific expertise at different career stages, who are from differ-
ent types of institutions, and who bridge the distance 
between various regions, cultures, and subdisciplines?
Communication: What has been done to avoid jargon, to 
select inclusive language, and to address language barriers 
to knowledge integration?
Consensus: Given the range of different disciplines that are 
carefully and strategically balanced so that no stakeholder is 
missing, are (ethical) norms in place to support an equitable 
process of collective decision making, recognizing diver-
gence, and reaching consensus on roles, tasks, and processes 
for achieving useful products?
Continuity: How well does the infrastructure for communi-
cation and sharing enhance opportunities for ongoing col-
laboration, network development, and expansion of 
opportunities to learn from the experience of others?
In conclusion, as demonstrated by the overlapping areas of 
our framework in Figure 1, this essay reveals interdependence 
among these five principles. They are not separate elements, 
but work in concert during network activities. Therefore, we 
are suggesting that none of these principles should be managed 
in isolation while neglecting the others. In our view, and based 
on both a review of the literature and our experience with the 
ACE-Bio Network, these principles should be considered in an 
integrated manner for the optimization of network collabora-
tions. Thus, shining a light toward each of these elements might 
illuminate thoughts on how to make a collaboration work better 
to foster improvements in undergraduate biology education 
and positively impact future students. As a starting point for 
future research and project evaluation designs, we offer the 
“Five ‘C’s’ of Collaboration” as a framework to test for RCN-UBE 
projects and other collaborative efforts with potential to effec-
tively meet the goals laid out in national calls to improve biol-
ogy education (AAAS, 2011) for future generations.
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